Coherent control of a system involves steering an interaction to a final coherent state by controlling the phase of an applied field. Plasmas support coherent wave structures that can be generated by intense laser fields. Here, we demonstrate the coherent control of plasma dynamics in a laser wakefield electron acceleration experiment. A genetic algorithm is implemented using a deformable mirror with the electron beam signal as feedback, which allows a heuristic search for the optimal wavefront under laser-plasma conditions that is not known a priori. We are able to improve both the electron beam charge and angular distribution by an order of magnitude. These improvements do not simply correlate with having the 'best' focal spot, since the highest quality vacuum focal spot produces a greatly inferior electron beam, but instead correspond to the particular laser phase front that steers the plasma wave to a final state with optimal accelerating fields.
deformable mirror is generally determined in a closed loop where either a direct measurement of the wavefront is performed 19 or some nonlinear optical signal 20, 21 is used as feedback in an iterative algorithm. The objective of adaptive optics has largely been optimization of the laser focal shape to a near diffraction-limited spot, thus producing the highest possible intensity. Adaptive optics can also be useful for certain focal profile shaping 22, 23 , optimization of a laser machining process 24 or harmonic generation 25, 26 .
In the following, we demonstrate that orders of magnitude improvement to electron beam properties from a laser wakefield accelerator operating at kHz repetition rate can be made, through the use of a genetic algorithm coupled to a deformable mirror adaptive optical system to coherently control the plasma wave formation. The electron image from a scintillator screen was processed and used in the fitness function as feedback for the genetic algorithm. Using this method, we were able to improve the beam properties significantly. This result was not simply due to an improvement in focal quality since a laser pulse with the 'best' (highest intensity/lowest M 2 ) focus in vacuum produced a greatly inferior electron beam compared with a laser pulse optimized using the electron beam properties themselves. It was found that the focal spot optimized for electron beam production had pronounced intensity 'wings'. Modifications to the phase front of the tightly focusing laser alter the light propagation, which experiences strong optical nonlinearities in the plasma, and therefore affect the plasma wave dynamics in a complex but deterministic manner.
Experimental setup and procedure The experiment was performed using the relativistic LambdaCubed (λ 3 ) laser system (see Methods). The output laser beam was reflected from a deformable mirror and focused onto a free-flowing argon gas plume to produce an electron beam by laser wakefield acceleration (see Methods) at 500 Hz. Electrons were measured using a scintillating screen imaged onto a lens-coupled CCD camera. The experimental setup is shown schematically in Fig. 1 .
We first implemented a genetic algorithm for laser focus optimization using the secondharmonic signal generated from a beta barium borate (β-BBO) crystal (setup A in Fig. 1 ). The laser spot was optimized such that highest peak intensity is achieved when the second harmonic generation is strongest. Subsequently, we modified the fitness function to use a figure of merit (FOM, refer to equation 1 in Methods) from the electron scintillation data, calculating the inverse distance weighting (with power parameter n) to a single point r 0 for all pixel intensities within an electron image. The pixel of the optimization point r 0 was dynamically adjusted during the genetic algorithm to concentrate all electron signal to the peak location of the charge distribution during each generation. The genetic algorithm was initialized using a 'flat' mirror shape with 30 V for all actuators to allow immediate deformation in both directions.
Optimization of the electron spatial profile For comparison, electron beams produced by the 'best' laser focus (by optimizing the intensity) and the initial mirror shape at 30 V are shown in weighting parameters, n. The genetic algorithm converged to the best electron beam using n = 8
in terms of beam divergence and peak charge density. The peak charge density was increased by a factor of 20 compared to the initial electron beam profile before optimization (see Fig. 2d ).
The optimized electron profile is highly stable and collimated, with a full-width-at-half-maximum (FWHM) divergence of ∆x = 7.4±0.6 mrad and ∆y = 12.8±1.4 mrad. The shot-to-shot pointing (defined by the centroid position) fluctuation of the electron beam is less than 1 mrad (root mean square, r.m.s.). The integrated charge was increased by more than two-fold from the electron beams generated by a laser focus of highest intensity. The high repetition rate and real-time diagnostics permit implementation of the algorithm within a practical time frame using a standard personal computer. Typical optimization takes only a few minutes (∼40 iterations) to reach convergence (see Fig. 2c ).
The second harmonic optimization 20 generates a near-diffraction-limited focal spot as shown in Fig. 3a for the far-field laser intensity profile in vacuum. In Figs. 3a and b, we compare the transverse intensity distribution within the focal region over the length scale of the gas jet. The laser profile (Fig. 3b ) that produces the best electron beam exhibits several low intensity side lobes around the central peak, and has a peak intensity about half that of the optimized focus. The complex laser profiles appear to have a very dramatic effect on the structure of the plasma waves produced and consequently the electron beam profile. Fig. 3c shows the relative wavefront change recorded by a Shack-Hartmann wavefront sensor. Calculation using the reconstructed wavefront gives a Strehl ratio of about 0.5, which is in agreement with the far-field intensity measurement.
This small wavefront modification of the driver pulse can lead to a significant improvement in the electron beam properties through the relativistic nonlinear optics of the plasma. The relative position between the focal plane and the center of the gas flow was controlled by moving the nozzle. Scanning the gas nozzle both before and after genetic algorithm confirms the optimal focal position does not change, excluding the possibility that the improvement may be due to optimizing the focal position.
Control of energy distribution Furthermore, we extended the genetic algorithm optimization to control the electron energy distribution. Through control of the light propagation, the plasma wave amplitude will be affected and therefore also the strength of the accelerating gradient. Hence, we can expect to be able to modify the energy spectrum. A high resolution energy analyzer using a dipole magnet pair was used to obtain the electron energy spectrum as the electrons were dispersed in the horizontal plane in the magnetic field. A 150 µm pinhole was placed 2.2 cm from the electron source to improve the energy resolution of the spectrometer. The schematic setup is shown in Three rectangular masks are set in the low-, mid-and high-energy region on the dispersed data, namely masks I, II, and III in Fig. 4b . We employed a fitness function (see Methods) to preferentially maximize the total counts inside the mask. Raw spectra from the genetic algorithm optimization are displayed in Fig. 4b , showing that the brightest part has shifted congruently. The resulting spectra have mean energies of 89 keV, 95 keV and 98 keV respectively for masks I, II, and III, noting that they do not fall on the visual centroid of the image because the scintillator sensitivity is not included in the presentation of the raw data, however it was taken into account for computing the mean energies. Our results show that manipulation of electron energy distribution using the deformable mirror is somewhat restricted. The final result after optimization does not reach the objective mask completely despite that the mean energies can be varied by up to 10%.
This result is somewhat unsurprising as the scope for controlling the electron spectrum is mostly limited by the physics of the interaction -while changing the transverse intensity profile can make big differences to the shape of the plasma electric field structure, changing the maximum field amplitude of the wakefield (and therefore peak energy of the accelerated electrons) will be limited.
Numerical simulations Although the details of the initial conditions required for optimal beams are difficult to determine and are therefore found using the genetic algorithm, we can at least demonstrate how modifications to the phase front of the laser pulse can improve the beam properties with an example. To illustrate the underlying physics of the plasma wave dynamics determined by the conditions of the driving laser pulse, we performed two dimensional (2D) particle-in-cell (PIC) simulations using the OSIRIS framework 27 . Parameters similar to the experiment conditions were used, with a Gaussian plasma density profile to enable trapping of electrons in the density down ramp (see ref. 28 and Methods for details on the simulation).
It was previously shown in ref. 29 that the focusing fields of laser plasma accelerators can be controlled by tailoring the transverse intensity profile of the laser pulse using higher-order modes, where generalization to 3D was also discussed. Here, we simulated a laser pulse with a fundamental Gaussian mode (TEM 00 ) or a coherent superposition of a fundamental (TEM 00 ) and a second-order Hermite-Gaussian (TEM 02 ) mode (Fig. 5a ). Although the plasma wave has a larger amplitude when it is driven by a single mode laser pulse, the wake phase front evolves a backward curvature when electrons are trapped and accelerated (see top panel in Supplementary Movie 1 and Fig. 5b) . Contrastingly, the evolution of the wakefield driven by the laser pulse with additional mode forms a flatter plasma phase front at the point of trapping (Fig. 5d ).
In Fig. 5c and e, the momentum distribution of the forward accelerated electrons has a larger transverse spread for the single mode laser pulse compared to the one with the addition of higher order modes. This is a consequence of the different trapping conditions and accelerating fields from the coherent plasma wakefield structure, which is governed by the structure of the driving laser pulse. In a comparative test to show this effect is not simply due to a lower intensity, we repeated the simulation using a single fundamental Gaussian mode laser pulse with a larger focal spot with the same peak intensity as that with the superimposed modes. The wakefield evolution shows very similar response as Fig. 5b and does not develop a flatter phase front as seen in Fig. 5d .
The subsequently accelerated electrons have very similar divergence to that in Fig. 5c , eliminating the possibility that the improvement comes from either a high intensity effect or a simple change in f -number. Note that we are not saying that this mixed-Hermite-Gaussian mode is the optimal pulse in the experiment; this is simply an illustration of how small changes in pulse shape can have significant effects on electron beam properties.
When a particular wavefront of laser light interacts with plasma, it can affect the plasma wave structures and trapping conditions of the electrons in a complex way. For example, Raman forward scattering, envelope self-modulation, relativistic self-focusing, and relativistic self-phase modulation 30 and many other nonlinear interactions modify both the pulse envelope and phase as the pulse propagates, in a way that cannot be easily predicted and that subsequently dictates the formation of plasma waves. Moreover, under realistic experimental conditions, ionization dynamics before the laser pulse reaches the vacuum focus can also modify the phase of the driving pulse. Ideally, the light interacts in such a way as to generate large amplitude plasma waves with electric field structures that accelerate electrons with small divergence, high charge etc. Because of the complicated interaction, it is difficult to determine a laser phase profile that will lead to such a plasma structure.
However, such unforeseeable conditions were successfully revealed by using the evolutionary algorithm method, with the result that the electron charge can be increased and emitted in a very well Electron Acceleration and Detection The focused laser pulse drives plasma waves by interacting with an argon gas jet flowing continuously from a 100 µm inner diameter fused silica capillary.
Typically the laser axis is 300 µm above the orifice of the tubing. The laser pulses were focused by an f /2 off-axis parabolic mirror to a spot size of 2.5 µm FWHM with a maximum of 10 mJ energy on target. The plasma electron density is measured to be in the range (0.5-2)×10 19 cm −3 using transverse interferometry. Electrons are accelerated in the density down ramp with a final energy in the 100 keV range 28 and detected by a high resolution scintillating screen (J6677 FOS by Hamamatsu), which is placed about 35 cm downstream from the source and imaged with a lens coupled 12-bit CCD camera for a 4×4 cm effective area. The scintillator sensitivity was calibrated using an electron microscope for the energy range in the spectrum measurement. Electron beam charge was estimated using the calibrated scintillator response, manufacturer-provided information for the CCD camera (gain, quantum efficiency etc.) and the measured effective numerical aperture of the imaging system. Deformable Mirror and Genetic Algorithm The deformable mirror (AOA Xinetics) has a 47-mm clear aperture of a continuous face sheet with 37 piezoelectric actuators arranged on a square grid spaced 7 mm apart. The maximum stroke used in this experiment is about 2 µm.
Focal characterization and wavefront measurement
The mirror shape is controlled by a genetic algorithm, which is a method mimicking the process of natural selection and routinely used to generate optimal solutions in complex systems with a large number of variables. The genetic representation in our experiments comprises a set of 37 independent voltage values for the deformable mirror actuator array. A fitness function is designed to produce a single figure of merit (FOM) to evaluate how close the solution is to the goal.
In the electron beam profile optimization experiment, FOM is computed as follows:
where I ij is the pixel intensity for every pixel (i, j) in the whole image and r 0 is a coordinate point in the image used as an optimization target. The power factor n > 0 gives higher weighting to those pixels closer to the target (inverse distance weighting).
In the experiment to control the energy spectrum, FOM is calculated using the following formula given a pre-defined image mask, FOM = 1 − mean intensity outside mask mean intensity of whole image × mean intensity inside mask
The mean intensity is the sum of the pixel counts divided by the number of pixels for a defined region. A rectangular mask was used in the experiment as specified by the region enclosed by the red dashed lines in Fig. 4b .
Numerical simulations The 2D PIC simulations were performed in a stationary box of the dimensions 573 × 102 µm with 10000 × 600 cells and 4×4 particles-per-cell. A Gaussian plasma density profile was used in the propagation dimension (x 1 ), peaked at x 1 = 200 µm with a fullwidth-at-half-maximum of 120 µm and a maximum electron density of 0.005n c , where n c is the plasma critical density. The laser pulse was initialized at the left edge of the simulation window and focused at 215 µm in the density down ramp. In 2D geometry, the transverse intensity profile of the laser pulse for fundamental Gaussian mode (TEM 00 ) has the form a 
